The strong blue and red electroluminescence from Eu-implanted SiO 2 layers were investigated as a function of implantation and annealing conditions. It is shown that the red electroluminescence assigned to Eu 3+ ions is favored by low Eu concentrations, low annealing temperatures, and short annealing times. Based on a more quantitative analysis of the electroluminescence spectra this preference is explained by a shorter supply of oxygen for higher Eu concentrations and the growth of Europium or Europium oxide clusters with increasing annealing temperatures and annealing times. The correlation between electroluminescence and microstructure is supported by transmission electron microscopy investigations and demonstrates that the electroluminescence of Eu-implanted SiO 2 layers can serve as a probe for the microstructural development in the active layer of the light emitter. 6 and the lifetime of the devices was improved by more than three orders of magnitude, 9 the MOSLEDs still have deficiencies in terms of efficiency and lifetime if compared with III-IV light emitters or organic LEDs. To overcome these deficiencies the insight into the dynamic processes on a microstructural scale within the light emitter during fabrication and operation is essential. Euimplanted SiO 2 layers have a lower efficiency than those implanted with Tb, but the existence of two oxidation states, which can be traced indirectly by EL measurements, is a good probe for ongoing processes within the oxide layer.
The strong blue and red electroluminescence from Eu-implanted SiO 2 layers were investigated as a function of implantation and annealing conditions. It is shown that the red electroluminescence assigned to Eu 3+ ions is favored by low Eu concentrations, low annealing temperatures, and short annealing times. Based on a more quantitative analysis of the electroluminescence spectra this preference is explained by a shorter supply of oxygen for higher Eu concentrations and the growth of Europium or Europium oxide clusters with increasing annealing temperatures and annealing times. The correlation between electroluminescence and microstructure is supported by transmission electron microscopy investigations and demonstrates that the electroluminescence of Eu-implanted SiO 2 layers can serve as a probe for the microstructural development in the active layer of the light emitter. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2964176͔
Light emission from Si is a top issue of current research due to the numerous application fields in optoelectronics, photonics, and sensor technology. Although Si-based light emitters are very attractive and despite the intense research in the last two decades, a sufficiently efficient, electrically driven Si-based light emitter is not yet available. Among the different approaches, rare-earth implanted SiO 2 layers are very promising candidates.
1-3 So we were able to demonstrate strong electroluminescence ͑EL͒ from metal-oxidesemiconductor based light emitting diodes ͑MOSLEDs͒ doped with Er 3+ , 4 Eu 3+ , 5 Tb 3+ , 6 Ce 3+ , 7 and Gd 3+ ions. 8 Although in the case of Tb an external quantum efficiency of up to 15% was reached 6 and the lifetime of the devices was improved by more than three orders of magnitude, 9 the MOSLEDs still have deficiencies in terms of efficiency and lifetime if compared with III-IV light emitters or organic LEDs. To overcome these deficiencies the insight into the dynamic processes on a microstructural scale within the light emitter during fabrication and operation is essential. Euimplanted SiO 2 layers have a lower efficiency than those implanted with Tb, but the existence of two oxidation states, which can be traced indirectly by EL measurements, is a good probe for ongoing processes within the oxide layer.
In this work we investigate the complex dependence of the EL spectrum of Eu-implanted SiO 2 layers on the implantation and annealing conditions. It is shown that the red EL assigned to Eu 3+ ions is favored by low Eu concentrations, low annealing temperatures, and short annealing times. Based on a more quantitative analysis of the spectra the underlying microstructural processes within the oxide layer will be discussed.
The Eu-implanted MOS structures were fabricated by local oxidation of silicon with 100 nm thick thermally grown SiO 2 on ͕100͖ oriented n-type silicon wafers. The 100 keV implantation resulted in an Eu profile with a maximum Eu concentration between 0.05% and 6% in the middle of the oxide layer. The samples were subjected to flash lamp annealing ͑FLA͒ for 20 ms, rapid thermal annealing ͑RTA͒ for 6 s or furnace annealing ͑FA͒ for 30 min in nitrogen at temperatures between 900 and 1100°C. The structure is finally supplied with a SiON protection layer, a transparent front contact made of indium-tin oxide, and a rear contact made of aluminum. For EL measurements a constant injection current of 5 A at voltages between 140 and 160 V was applied to circular dots with a diameter of 300 m. The EL spectrum was recorded at room temperature ͑RT͒ with a monochromator ͑Jobin Yvon Triax 320͒ and a photomultiplier ͑Hamamatsu H7732-10͒. The EL decay time was measured by a multichannel scaler ͑Stanford Research System SR430͒ under constant voltage pulses. Furthermore, the microstructure of the Eu-implanted SiO 2 layers was analyzed by means of transmission electron microscopy ͑TEM͒ with a FEI-Titan instrument. Figure 1 exhibits the EL spectrum of Eu-implanted MOS devices annealed with RTA at 1000°C for various Eu concentrations. The spectra consist of a broad EL band in the blue green and at least three EL lines in the red spectral region, which are assigned to Eu 2+ and Eu 3+ ions, respectively. The emission of the Eu 3+ ions is caused by 4f-intrashell transitions from the 5 D 0 level to some 7 F J sublevels, which are indicated in Fig. 1 , according to Ref. 10 . Since the 4f shell is well screened from the chemical environment, these transitions are relatively sharp. However, as the chemical environment strongly varies in the amorphous SiO 2 network, the lines are broader than those usually reported for crystalline matrices. 10 In contrast to this the transition in the Eu 2+ ion involves an electron that transits from the electronic 5d level to the 4f shell. As the 5d level is much less screened from the chemical environment, the corresponding EL emission is broad, reflecting the variation in the local chemical environment of 4f-intrashell transitions are dipole forbidden resulting in a long decay time for the radiative relaxation, which is not the case for the blue 5d-4f transition. Consequently, an EL decay time between 350 and 700 s for the 5 D 0 -7 F 2 line and a decay time shorter than 17 s for the blue EL band is measured. In the latter case the measured decay time was limited by the edge steepness of the voltage pulses we applied to the devices during EL decay time measurements. As can be seen in Fig. 1 , the ratio between the blue and red EL emission as well as the detailed structure of the blue-green EL strongly depend on the Eu concentration. For a deeper insight a peak fit analysis of the EL spectra was performed where the EL of the Eu 3+ ions is modeled by five Gaussian peaks in correspondence to the possible transitions 5 D 0 -7 F J with 0 ഛ J ഛ 4. An additional Gaussian peak is used in order to consider the asymmetry of the 5 D 0 -7 F 2 line. The sum of these peak areas is assumed to represent the EL intensity of the Eu 3+ ions, and is called the red EL in the following. All other Gaussian peaks are considered to be caused by either Eu 2+ ions or Si-related defects. It should be noted that the peak positions of the Eu 3+ peaks are always close to the positions reported in Ref. 10 and that the 5 D 0 -7 F 2 line always contains more than 70% of the red EL. Figure 2 shows the total EL intensity ͓͑a͒ and ͑c͔͒ and the relative intensity of the Eu 3+ emission in percent ͓͑b͒ and ͑d͔͒ for MOS structures for different Eu concentrations ͓͑a͒ and ͑b͔͒ and different thermal treatments ͓͑c͒ and ͑d͔͒. There the relative intensity of the Eu 3+ emission is defined as the percentage of the red on the total EL intensity. Whereas there is a smooth decrease in the total EL intensity with Eu concentration ͑a͒, the relative intensity of the red EL varies between 0.4 and 0.6 for small concentrations and shows a strong decrease for concentrations higher than 1% ͑b͒. The inset of Fig. 2͑a͒ displays the EL decay time of the 5 D 0 -7 F 2 line. Furthermore, within one type of annealing both the total EL and the relative intensity of the Eu 3+ emission decrease with increasing annealing temperature ͓͑c͒ and ͑d͔͒. For a fixed annealing temperature a similar tendency can be observed: a decrease in the total EL and the relative Eu 3+ intensity with increasing annealing time.
To understand the quenching of the red EL it is necessary to have a closer look to the microstructure of the SiO 2 layer as there are at least three different processes involved. First, during implantation Si and oxygen are released from the SiO 2 network either by nuclear collisions or by electronic energy deposition leading to bond breaking. In the following phase of annealing the released oxygen can be either reintegrated in the SiO 2 network or can be used to oxidize Eu. The formation enthalpy at RT for EuO, Eu 2 O 3 , and SiO 2 is in the order of −565 kJ mol −1 , 11 −1650 kJ mol −1 ͑that is −825 kJ mol −1 per Eu atom͒ 12 and −910 kJ mol −1 , 13 respectively. Although SiO 2 has the lowest value, it has also the highest demand on oxygen per reactant ͑Si or Eu͒. Indeed, there will be a competition for oxygen leading also to a local excess of Si that in turn triggers the formation of oxygen deficiency centers ͑ODCs͒. The ODCs are known to be efficient luminescence centers in the blue, 14, 15 which can give a contribution to the total EL intensity. This process becomes more intense with increasing implantation dose, and as a consequence the relative Eu 3+ intensity decreases with increasing Eu concentration. However, Tb-implanted and Gdimplanted SiO 2 layers that were prepared with similar parameters show either no or only a weak EL in the blue green, 6, 8 which leads to the conclusion that the complex dynamics in the blue-green spectral region is mainly due to Eu.
The second quenching process is the preference of EuO compared to Eu 2 O 3 . Although the formation enthalpy of Eu 2 O 3 ͑Eu 3+ configuration͒ is higher than that of EuO ͑Eu 2+ configuration͒, the supply of oxygen that is available for the oxidation of Eu determines whether EuO or Eu 2 O 3 dominates. At low Eu concentrations a single Eu atom will find enough oxygen in its local environment to achieve a Eu 2 O 3 configuration. With increasing Eu concentration the average distance between neighboring Eu ions decreases, and a competition of the Eu ions for oxygen starts which finally will shift the weight from Eu 3+ to Eu 2+ for high Eu concentrations. For RTA at 1000°C the EL decay time of the 5 D 0 -7 F 2 line drops down continuously from 606 s for 0.2% Eu to 375 s for 3% Eu. The intensity of the red EL decreases in a similar way, but is stronger than implied by the ratio of the corresponding EL decay times. Thus the EL quenching caused by additional nonradiative relaxation processes of ex- cited Eu 3+ ions will give a minor contribution to the total quenching only.
The third development to be considered is the formation and the subsequent ripening of Eu/ Eu oxide clusters. In Fig. 3 the development of these clusters is shown for an annealing temperature of 1000°C. After FLA 20 ms only small amorphous Eu/ Eu oxide clusters with diameters between 2 and 3 nm are observed. Whereas the amorphous clusters enlarge to diameters between 7 and 9 nm for RTA 6 s, huge and partly crystallized clusters with sizes around 25 nm can be found for FA 30 min. An analogous behavior is observed for the temperature dependence ͑not shown͒, so that a clear increase in the cluster size with increasing annealing temperature and time can be asserted. Because of the higher dielectric constant of Eu oxide 16 compared with SiO 2 and the continuity of the dielectric displacement, the electric field within an Eu oxide cluster is lower than in the SiO 2 matrix. Lower electric fields are not high enough to accelerate electrons to energies needed for the excitation of Eu ions, for which reason Eu ions inside a cluster are assumed to be optically inactive. Hot electrons moving in the conduction band of SiO 2 are able to excite Eu ions that are located at the surface of an Eu/ Eu oxide cluster only. With increasing cluster size the fraction of Eu ions located at the cluster surface will decrease, and in turn a decrease in the total EL intensity with increasing annealing temperature time, namely, in the order FLA, RTA, and FA, is expected. Indeed, such a behavior is observed in Fig. 2͑c͒ . Moreover, because of the high Eu concentration within and on the surface of the clusters Eu will predominantly occur in the divalent stage. So if more and more Eu atoms are bound in clusters the weight will shift more and more to the blue EL. Finally, a certain fraction of Eu will diffuse toward the interfaces of the SiO 2 layer under long-time annealing ͑not shown͒ and cannot be excited electrically anymore. It has to be noted that the question, whether the clusters consists of Eu, Eu 2 O 3 or EuO x with 0 Ͻ x Ͻ 1.5, is still under investigation. However, on the basis of the thermodynamic properties of Eu and its oxide we assess that the formation of Eu oxide clusters are more probable than that of Eu clusters.
In summary we have demonstrated that Eu-implanted SiO 2 layers exhibit a strong EL that is both due to the emission from Eu 2+ and Eu 3+ states. The red EL due to Eu 3+ ions is favored by low Eu concentrations, lower annealing temperatures, and shorter annealing times. The increase in the blue portion of the EL with larger Eu concentrations, annealing temperatures, and annealing times is accompanied by a reduction in the total EL intensity. Although not all details are known, this behavior can be well explained by a shorter supply of oxygen for higher Eu concentrations and the growth of Eu/ Eu oxide clusters with increasing anneal temperatures and times. 
